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ABSTRACT
ACTIVATED CHARCOAL VERSUS A CHEMICAL WHITENING AGENT:
EFFECT ON HUMAN ENAMEL
Hien Doan, D.D.S
Marquette University, 2022
Objective: For many years, the conventional method to achieve a white smile has
been chemical regimens such as peroxide compounds. Previous studies suggest risks
associated with chemical procedures, so many are seeking out alternative options such as
utilizing activated charcoal. Since this new method is rapidly trending, there have not
been many scientific studies on how utilizing activated charcoal can affect the
mechanical/physical properties of tooth structure. The primary objective of this study was
to investigate the effect of activated charcoal on enamel’s mechanical/physical properties
and compare it to a conventional tooth whitening method (carbamide peroxide).
Materials and Methods: Extracted adult human molars and premolars with
no/minimal restorations and/or decay were collected from local dental offices and
disinfected with 1% thymol solution for 48 hours. A total of 30 collected teeth were
prepared and sliced in half, resulting in 60 specimens (n=60) that were stained with
coffee for 72 hours. The samples were randomly assorted into six groups with 10 samples
per group: Control without Brushing (CW), Control with Brushing (CWB), Activated
Charcoal/Dab (ACNB), Activated Charcoal/Brush (ACB), Opalescence 20%/Brush
(OPB) and Opalescence 20%/Dab (OPNB)). Each group was treated accordingly for 14
days. All groups were tested for color, hardness and surface roughness via a
spectrophotometer, Vickers hardness and a 3D measuring laser microscope, respectively.
Data were analyzed by a multiple variable linear regression model with a significance
level at P < 0.002.
Results: Over a period of 14 days, OPNB produced a significantly greater color
change (DEab and DE00) compared to the Activated Charcoal and Control Groups.
Treatment with Activated Charcoal significantly changed color more than the Control
without Brushing, but not the Control with Brushing. The greatest contributor to DE was
a change in L* (lightening/whitening). Brushing had a negative effect on the whitening of
the Opalescence treatment. No significant differences were found for microhardness and
surface roughness amongst the six groups within 14 days of treatment.
Conclusion: In general, chemical whitening with carbamide peroxide was more
effective than using activated charcoal in treating stained enamel. Both whitening
methods were not detrimental to enamel in this in vitro study as they did not alter
microhardness or surface roughness.

i

ACKNOWLEDGMENTS
Hien Doan, D.D.S
First and foremost, I would like to sincerely thank my mentor, Dr. David Berzins,
for his guidance, encouragement, and patience. I would not be where I am today without
his unwavering support. He motivated me to accomplish things I never thought I would
be capable of (i.e. competing in research competitions). His support launched my career
in dentistry and changed not only my life’s trajectory but my family’s life trajectory as
well. I am deeply indebted to him.
Secondly, I would like to thank my life mentor, Dr. Rose Pham, for being an
inspiration, supporting me through every chapter of my life and always believing in me
when I did not believe in myself. Her wise words and calming presence truly lifted me up
during my toughest days.
Furthermore, I’d like to thank my thesis committee members, Dr. Christopher Dix
and Dr. Jeffrey Toth, for kindly agreeing to be a part of my thesis committee and taking
the time out of their busy schedule to guide and assist me. Special thanks to Dental
Associates, Oral Surgery Associates, Dr. Robert Wallock’s practice, Aspen Dental and
Mrs. Yvonne for collecting teeth for this investigation. Also, thank you to Marquette
University School of Dentistry lab members for your support as well as Drs. Xiao Li and
Sergey Tarima at the Medical College of Wisconsin for assisting me with the statistical
analysis.
Last and most importantly, I would like to thank my parents, Hong Doan and
Hoan Tran, for all the sacrifices you have made to give me a chance of a better life than
you once had in Vietnam. Your dedication and unwavering support have not gone
unnoticed, and I hope that I make you proud.
[Cuối cùng và quan trọng nhất, tôi muốn gửi lời cảm ơn đến bố mẹ tôi, Hong Doan và
Hoan Tran, vì tất cả những hy sinh đã cho tôi có cơ hội có một cuộc sống tốt đẹp hơn bố
mẹ tôi đã từng có ở Việt Nam. Sự cống hiến và sự ủng hộ vững chắc của bố mẹ đã được
ghi nhận và con hy vọng rằng con sẽ khiến bố mẹ tự hào.]

ii

TABLE OF CONTENTS
ACKNOWLEDGMENTS…………………………………………………………………i
TABLE OF CONTENTS ................................................................................................... ii
LIST OF FIGURES ............................................................................................................iv
INTRODUCTION ............................................................................................................... 1
LITERATURE REVIEW .................................................................................................... 5
Genesis of Enamel and Dentin ............................................................................................ 5
Enamel and Dentinal Properties and Color Perception ....................................................... 6
Types of Whitening Procedures .......................................................................................... 8
Mechanism and Ramifications of Teeth Whitening Procedures ....................................... 10
CIE L*a*b* Color System................................................................................................. 11
Confocal Scanning Laser Microscopy (CSLM) ................................................................ 13
Vickers Hardness Test ....................................................................................................... 13
MATERIALS AND METHODS ...................................................................................... 15
Preparation of Specimens: ................................................................................................. 15
Control and Experimental Groups: .................................................................................... 17
Measuring Surface Roughness of Enamel:........................................................................ 19
Measuring Change in Color: ............................................................................................. 20
Calculating Color Difference (DE): ................................................................................... 20
Measuring Microhardness of Enamel:............................................................................... 21
Statistical Analysis: ........................................................................................................... 21
RESULTS .......................................................................................................................... 22
DISCUSSION.................................................................................................................... 35
CONCLUSION ................................................................................................................. 39
REFERENCES .................................................................................................................. 40

iii

LIST OF TABLES
Table 1: Whitening Agent, Brand, Manufacturer and Composition ................................. 18
Table 2: Groups and Respective Treatments ..................................................................... 18
Table 3: L*, a*, b* Values on Day 0, 3, 7 and 14 ............................................................. 22
Table 4: Difference of DL*, Da* Db*, DEab and DE00 Values from Day 0 to 14 .............. 23
Table 5:Vickers Hardness for Day 0, 14 and D Day 0 to Day 14...................................... 24
Table 6: Change in Roughness throughout 14 Days ......................................................... 26
Table 7: Regression Coefficient Estimates for Color Change ΔE*ab and ΔE*00 ................ 27
Table 8: Regression coefficient estimates for color change ΔE*ab and ΔE*00 without
brushing main effect .......................................................................................................... 28
Table 9: Regression Coefficient Estimates of Color Change with Baseline Effect Added
........................................................................................................................................... 30
Table 10: Regression Coefficient Estimates for Change in L* Value within 14 Days ..... 30
Table 11: Regression Coefficient Estimates for Change in a* values within 14 days. ..... 31
Table 12: Regression Coefficient Estimates for Change in b* Values within 14 Days. ... 31
Table 13: Regression coefficient estimates for microhardness and roughness change in 14
days with baseline effect added ......................................................................................... 34
Table 14:Wald Statistics for Type 3 GEE Analysis .......................................................... 34

iv

LIST OF FIGURES
Figure 1: Clamped Tooth to Mount for Sectioning ........................................................... 16
Figure 2: Slicing of Specimen ........................................................................................... 16
Figure 3: Grinding Specimen with SiC Paper ................................................................... 17
Figure 4: Enamel Slabs ...................................................................................................... 17
Figure 5: Change in L* Values over 14 Days ................................................................... 23
Figure 6: Vickers Hardness Day 0 and Day 14 ................................................................. 25
Figure 7: Surface Roughness over Day 0, 3, 7 and 14. ..................................................... 26
Figure 8: Distributions of ΔE*ab and ΔE*00 amongst the six groups .................................. 29
Figure 9: Pairwise Comparison of ΔE*ab and ΔE*00 amongst the six groups ..................... 29
Figure 10: Distribution of changes in a* and b* values amongst the six groups .............. 31
Figure 11: Distribution and Pairwise Comparison of L* on Day 14 amongst six groups. 32
Figure 12: Distribution of Microhardness Change within 14 Days Amongst Groups ...... 33

1

INTRODUCTION
Many psychological studies have shown that an average person has seconds to
make a first impression. Within this time, the person’s brain is scanning for physical
features that will ultimately dictate whether they like what they see or do not. Physical
appearances on the face, such as the smile and teeth, have been shown to have a positive
influence on overall attractiveness and perception of personality (Beall, 2007). More
importantly, dental esthetics have a positive correlation with self-confidence (Afroz et al,
2013) which in turn influences the first impression. Ergo, many individuals seek
noninvasive cosmetic treatments to improve the appearance of teeth such as removing
darkness/staining via whitening regimens to achieve the “perfect” smile.
Human teeth consist of four layers: enamel, dentin, cementum and the pulp. The
visible and outermost layer of a tooth is called enamel. Enamel is resilient and the hardest
tissue in the human body. It consists of approximately 97 wt% inorganic matrix
(hydroxyapatite), 2 wt% water and 1 wt% organic materials such as amelogenins and
enamelins. Within the organic matrix of enamel, 2-3 μm in diameter elongated crystals
called enamel rods are intertwined in a layer of enamelins and amelogenins. The layer
underneath the enamel is called dentin; the global composition of dentin includes 70 wt%
minerals such as hydroxyapatite with proteins, 20 wt% organic matrix and 10 wt% water.
Although dentin is less mineralized than enamel, it has an essential role in reinforcing
support for tooth structure and protects the pulp (a layer consisting of soft tissue that
determines the vitality of teeth). Lastly, the structure that makes up our root is called
cementum (Goldberg, 2011).

2

Hydroxyapatite that makes up enamel and dentin’s inorganic component is
naturally colorless or white. Since enamel has a higher percentage in weight of
hydroxyapatite than dentin, enamel tends to give off a more whitish color as opposed to
dentin which has a more yellow and tinted hue. Over time, enamel can lose its white
color from daily function (Algarni et al., 2018).
Visible dark stains called chromophores can occur from intrinsic and/or extrinsic
factors. Intrinsic factors are those that change the composition and microstructure of
dentin and enamel; some examples of intrinsic factors are the use of certain antibiotics,
over utilization of fluoride, and even aging. In contrast, extrinsic factors come from
organic films adhered to the outermost surface of teeth. These extrinsic factors can occur
from foods, beverages, and tobacco consumption as well as poor oral hygiene. While
both factors can produce the darkened appearance of teeth, extrinsic factors are much
easier to whiten (Alqahtani, 2014). In fact, most over the counter whitening products aim
at removing the extrinsic stains.
For many years, the conventional method to achieve a white smile was, and still
is, to use chemicals in forms of gel or toothpaste containing a variety of peroxide
compounds (i.e. hydrogen peroxide and carbamide peroxide). Previous studies on the
effect of peroxide containing whitening agents on human enamel concluded that while it
is safe and effective, there are risk factors associated with the procedure such as
postoperative sensitivity and in rare cases, destruction to enamel’s structure/properties
(Carey, 2014). Subsequently, many people are apprehensive to use harsh chemical
formulated products and desperately seek out natural remedies to achieve the ideal smile.
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With the endorsement of many celebrities and beauty gurus on social media, one
of the rapidly growing trends to obtain a white smile is utilizing activated charcoal as a
whitening dentifrice. Advertisements often highlight that using activated charcoal
products are “ecofriendly”, “natural” and “organic”. More specifically, brands such as
Carbon Coco claim that their product strengthens enamel and reduces caries and
periodontal disease. With that said, many consumers have little to no knowledge on what
activated charcoal really is, its mechanisms or how it is manufactured.
According to Helbig (1946) there are two distinct types of activated carbon or
generally known as activated charcoal. One type is made for adsorbing gases while the
other is designed to remove toxins, inorganic/organic molecules and impurities such as
color, odor and taste. The latter has been used in medical facilities for patients who have
overdosed on drugs and is the same type of activated charcoal that is used as a whitening
dentifrice. The fabrication of activated charcoal begins with raw materials such as
coconut shells, other nutshells, animal bones, wood charcoal, and lignite. The most
common raw material used in many activated charcoal whitening products (i.e. Carbon
Coco and Blk Diamond) is coconut shell since it can produce a carbon that is harder and
more resistant to abrasion. Once the raw material is selected, it gets broken down into its
organic matter via high temperature and it undergoes the activation step in which the
organic matter is subjected to destructive distillation and surface conditions. There are
two types of activation processes: physical activation and chemical activation. Physical
activation of carbon occurs under inert atmosphere and activated via steam or carbon
dioxide. In chemical activation of carbon, the organic matter is first treated with
chemicals (i.e. phosphoric acid or sulfuric acid and zinc chloride (Helbig, 1946)) to aid in
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the preliminary dehydration before foregoing destructive distillation and surface
conditioning. The end resultant material is a highly porous structured carbon (Gratuito et
al., 2008).
Since the degree of porosity within the charcoal ultimately dictates the degree of
adsorption of impurities, toxins and organic/inorganic molecules, it is thought that
activated charcoal can be used to remove impurities such as stains in teeth. However,
there have been limited scientific studies on how utilizing activated charcoal can affect
the mechanical/physical properties of tooth structure. It is crucial to examine the outcome
of activated charcoal on enamel because the application process of the product calls for
brushing the activated charcoal directly on teeth for three minutes, which may cause
attrition to enamel leading to other long term complications.
The objectives of this study were to first determine the effect of activated charcoal
on enamel’s mechanical/physical properties (i.e. color change, surface roughness and
microhardness) and compare it to a conventional tooth whitening method (20%
carbamide peroxide) and secondly, to investigate the efficacy of activated charcoal in
whitening enamel surface compared to the conventional peroxide method.
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LITERATURE REVIEW

Genesis of Enamel and Dentin
Each human tooth develops in three stages: growth, mineralization, and eruption
and matures into four distinct layers with specialized function: enamel, dentin, cementum
and the pulp. The enamel functions as the protective layer while the dentin serves to
support the enamel and compensate for its brittleness. The pulp is responsible for
continual formation of dentin via odontoblasts and most importantly, provides nutrition to
the tooth and maintains the vitality of the tooth. Cementum functions to support the tooth
by anchoring the tooth to the alveolar bone via fibers.
During development, enamel (the outermost layer of the tooth) is produced by a
specialized epithelial cell called an ameloblast. These ameloblasts assist in developing the
amorphic matrix that contains proteins (enamelins and amelogenins) intertwined with
elongated enamel rods developed from hydroxyapatite (HA). Ameloblasts allow for
crystallization of the inorganic matrix (HA) by forming tight junctions and altering the
pH (Farci et al., 2021). The quantities and depth of the protein and HA complex matrix is
largely responsible for enamel’s hardness, fracture toughness and ductility. While enamel
is extremely resilient, it is acellular. It does not have the ability to regenerate or be
replaced which makes it extremely vulnerable to the acids from our daily consumption of
foods and beverages as well as dentifrices utilized to maintain healthy oral hygiene.
Compromised enamel can therefore expose dentin which results in dental pain.
The genesis of dentin comes from the dental papilla and is produced by
odontoblasts as pre-dentin. The mineralization of dentin is regulated by a collagen matrix
mainly made up of Type I Collagen, a noncollagenous protein and minerals. The
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noncollagenous protein, DSPP, is cleaved into dentin sialoprotein (DSP) and dentin
phosphoprotein (DPP), also known as phosphophoryn. DPP interacts with the calcium
ions and collagen fibers and promotes further growth and mineralization of HA in
primary dentin (Suzuki et al., 2009). The continual expansion of HA crystals in primary
dentin forms a globular dentin and therefore is less mineralized than the HA matrix found
in enamel. In fact, the HA matrix found in dentin is not uniform throughout the tooth.
Furthermore, within the dentin are dentin tubules which are positioned in an SShape from the pulpal portion of the tooth curving down to the periphery (Wang et al.,
1999). These tubules assist in the transportation of nutrients as well as dentinal fluid, the
odontoblastic cytoplasmic process, and an afferent axon. Since the odontoblast cells are
located near the pulp, it can provide biological signals that are transduced to the afferent
axons. In addition, when an external stimulus is induced, the dentinal fluid within the
tubules moves outwardly and triggers the pulpal nerves and the result is a sensation of
dental pain (West et al., 2012).
Enamel and Dentinal Properties and Color Perception
Color perception requires the photoreceptor cells in a person’s eye to work
meticulously to transmit the signals to the brain for processing. Simplistically, when light
hits an object, it is being absorbed and reflected. The volume of light reflection is
dependent on the internal and external properties of the tooth, the state of the individual’s
eyes, the type/amount of light and the position from which the tooth is being viewed;
thus, producing specific wavelength/energy that the eyes will absorb and process into a
signal for the brain to perceive color (Hunt et al., 2011).
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In human teeth, intrinsic properties such as the composition and histological
factors of the dental tissue affect penetration of the light through it and absorption and
scattering of light within the tissue. Additionally, the light may undergo refraction when
travelling through different media. In dental enamel, the enamel rods are oriented in a
parallel manner along the long axis of the tooth and perpendicular to the surface at the
edge of the cusps and occasionally, in the cervical areas. When light is directed on the
enamel from a longitudinal direction, it will interact with the arrangement of the enamel
rods and subsequently, give off a light and dark band like pattern, called the “Hunter
Schreger band”. It has been proven that this is the main factor that causes light scattering
in enamel (Fernandes et al., 1999). In addition, the refractive index of enamel contributes
to the opalescence property since light scatters in a blue wavelength range. Furthermore,
tooth color parameters (hue, chroma and value/lightness) are influenced by the variability
of mineralization of HA crystals within enamel. It has been reported that the mineral
content and thickness of enamel affects the local refractive index (n) and thus, the thicker
and more mineralized the enamel, the whiter it will appear (Oguro, 2016).
On the contrary, dentin is less mineralized than enamel with dentinal tubules as
the main structural component. Since it is less mineralized than enamel, it is innately
more yellow. Previously studies have shown that the density and orientation of the
tubules affect most of light scattering throughout dentin while the HA crystals and
collagen fibers only play a small roll (Fried et al., 1995). Hariri et al. (2012) found that
the refractive index decreased in dentin because of the light guiding effect of the dentinal
tubules. The light will essentially be guided along the tubules and propagate within.
However, since the tubule space contains water, air and dentinal fluid, different refractive
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indices are evident. Thus, enamel does not fully obscure the color of the underlying
dentin and therefore, dentin plays a significant role in determining the overall tooth color
as well. Any alterations to the composition and histological components of teeth can
cause internal discoloration.
On the other hand, the accumulation of chromatogenic substances on the outer
surface caused from poor oral hygiene, ingestion of high colored beverages and food
and/or tobacco use are known as extrinsic factors that will affect color perception of
teeth. These chromatogenic substances are mainly localized in pellicles and are generated
from chemical reactions between the carbohydrates and amino acids which causes a
browning affect. Over time, if these substances are not removed, they accumulate and
retain more chromophores in the pellicles leading to darker external stains (Viscio et al.,
2000). Due to the complex structure of teeth, intrinsic stains are generally more
challenging to remove whereas extrinsic stains are quicker to respond to bleaching and
whitening procedures.
Types of Whitening Procedures
There are many options when it comes to products and procedures for whitening
teeth. The more conventional way of whitening teeth is to bleach via chemical products
such as hydrogen peroxides in concentrations from 3% to 40%. These products can be
found over the counter or can be applied in office by a dentist. More recently, the use of
microabrasives, such as activated charcoal powder and toothpastes, are trending.
In office bleaching techniques use a high concentration of tooth whitening agents
(usually 25%-40% hydrogen peroxide). The whitening gel is applied to the teeth and the
peroxide will be activated by heat or light for approximately one hour in the dental office.
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The different types of light and lasers give off different wavelengths and are used to
accelerate the whitening effect. These in office treatments can achieve a few shades
whiter in a short period of time, but causes tooth sensitivity, a decrease in hardness and
fracture resistance of enamel and a decrease in enamel/dentin bonding in restorative
procedures (Sulieman, 2004).
In addition, a dentist may opt to fabricate a whitening tray and prescribe the
patient to use a whitening gel with a lower concentration such as 10-20% carbamide
peroxide (equivalent to 3.5-6.5% hydrogen peroxide). These “dentist supervised – at
home” procedures are generally carried out by the patient at home. It is recommended
that the patient place a small amount of 10% carbamide peroxide or 15-20% carbamide
peroxide in the tray and use it for 8 hours per day or 3-4 hours per day, respectively. The
whitening trays are worn at night for about two weeks until the patient returns to the
dentist for a recall appointment to reevaluate (Sulieman, 2005). This hybrid method of
whitening allows the patient to limit their time in the dental chair and achieve results over
time.
Furthermore, over the counter whitening products allow the patient to purchase
and whiten their teeth independently. These products are typically very low in whitening
agent concentration (3-6% of hydrogen peroxide) and are available as strips, mouthwash,
and dentifrices (Alqahtani, 2014).
Whitening strips generally contain 5-14% hydrogen peroxide and instruct the
individual to apply to teeth and leave it for about 6-10 minutes. During that time, the
strips will release the active agents into the enamel.
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Whitening mouthwashes have the lowest of all peroxide containing whitening
products with a concentration of only 1.5% hydrogen peroxide. In terms of its efficacy,
studies have shown it to be ineffective in improving tooth color, even after up to a month
of using it (Irusa et al., 2022).
Dentifrices such as activated charcoal have gained popularity in America over the
last several years. Historically, the use of powdered charcoal has been used in other parts
of the world such as Malaysia. There, they would typically combine powdered charcoal
with flavoring agents, botanicals and various compounds such as table salt and brush
their teeth using their fingers or a toothbrush (Yaacob and Park, 1990). Similarly,
activated charcoal powder agents such as Carbon Coco requires the individual to brush
their teeth with the powder twice a day. Though, limited instructions are provided by the
manufacturer, the duration of use and quantity of product dispensed is unknown to the
user.

Mechanism and Ramifications of Teeth Whitening Procedures
Bleaching products such as hydrogen peroxides and carbamide peroxides are
known to be oxidizing agents. Carbamide peroxide is a precursor to hydrogen peroxide.
Hydrogen peroxide is then the active ingredient that starts via the perhydroxyl anion
(HO2-). Other conditions such as light and lasers can give rise to free radial formations by
cleaving the O-H bond or the O-O bond in the H2O2 to give H* + *OOH and 2*OH
(hydroxyl radical), respectively (Kashima-Tanaka et al., 2003). As hydrogen peroxide
gels are applied on human teeth, it diffuses into the enamel and dissociates, producing
unstable free radicals known as hydroxyl radicals (HO*), perhydroxyl radicals (HOO*),
perhydroxyl anions (HOO*-) and superoxide anions (OO*-). These free radicals will then
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attack the double bonds of chromophores within the enamel tissue (Dahl and Pallesen,
2003). The breakage of the double bonds of the chromophores results in a smaller and
less pigmented stain. Ultimately, this shifts the amount of light absorbed and reflected
and the human eye will perceive it as a “whiter” tooth color.
The effects of bleaching teeth on enamel in previous studies have shown that
carbamide peroxide decreases the calcium (Ca):phosphorous (P) ratio, Since Ca and P
are essential factors in enamel’s mineralization, a decrease in both Ca and P can prevent
remineralization of enamel to occur. Consequently, enamel microhardness and surface
morphology are altered (Vilhena et al., 2019). In fact, Rodrigues et al. (2017) found that
using bleaching products at a concentration of 15% hydrogen peroxide decreased enamel
microhardness and increased enamel surface roughness. It was also noted in the study
that as the peroxide concentration increased, the enamel surface went from pitting (for the
15% concentration) to delamination for the 35% concentration.
In contrast, activated charcoal is innately porous and has high absorptive capacity.
Thus, as activated charcoal is placed on the tooth surface, the chromophores, stains and
pigmentations will be absorbed in each carbon and then brushed or rinsed off (Alofi et
al., 2021). The preparation and particle size distribution of the activated charcoal can
potentially act as an abrasive. The larger the particle size and the formulation, the higher
the chances of it affecting the enamel surface and microhardness due to wear, ultimately
causing patient hypersensitivity (Greenwall et al., 2019).

CIE L*a*b* Color System
Color can often be described subjectively and therefore, quantifying color can be
difficult. There are two ways of measuring tooth color. The first way is to use
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commercially available dental shade guides such as VITA Classic and Vitapan 3DMaster. However, this is not very accurate since it will rely on human eyes possessing
great variability across the population. The second way is through the International
Organization for Standards (ISO) approved method for measuring color which is the
CIELAB color system established in 1976 by the Commission Internationale de
L’Eclairage (CIE) (ISO, 2008).
The CIELAB color system measures color via three positions within the CIE
L*a*b* color system coordinates. L* or value is related to lightness, a* is correlated to
the red and green axis and b* for yellow-blue axis. The difference between
lightness/darkness, red/green and yellow/blue are expressed as ΔL*, Δa* and Δb*,
respectively. Deltas for L*, a* and b* can be a positive or negative number. An increase
in ΔL*, Δa* and Δb* means that the color is lighter, redder and yellower. Whereas, a
decrease in ΔL*, Δa* and Δb*, means that the color is darker, greener and bluer,
respectively. The total difference in color (∆E) can be quantified by using the CIE 76
formula:
∆𝐸

∗
= ((𝐿∗! − 𝐿∗# )! + (𝑎!∗ − 𝑎#∗ )! + (𝑏!∗ − 𝑏#∗ )!
𝑎𝑏

The CIE 76 formula, sometimes denoted as ∆E*ab, is simple but the linear formula
limits the possibility to quantify small color changes as seen in restorative dentistry. To
resolve this issue, the CIE updated its formula to the CIE 2000 and it has been shown to
reflect color differences perceived by the human eye better than the CIE 76 formula
(Gómez-Polo et al., 2016). Many current studies have used the CIE 2000 in measuring
the color difference.
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Confocal Scanning Laser Microscopy (CSLM)
CSLM is a non-invasive 3D method to quantify surface roughness. It produces
images of a specimen’s surface by scanning its surface via a laser using two
galvanometer mirrors. One will scan in the x direction and the other in the y direction
(Robinson, 2001). These focal points are set to the position where the reflected light
intensity on the specimen was the highest which makes it possible to measure the height
difference of the enamel surface (Heurich et al., 2010). In newer models such as the
LEXT OLS4000 (Olympus Corp., Tokyo, Japan), a dual confocal system is developed
which allows the system to recognize peaks and reflected light intensities of multiple
layers in the specimen. The benefits of using a laser microscope compared to traditional
profilometry is that it does not contact the surface of the specimen which eliminates the
possibility of damaging the specimen. In addition, using a laser allows the possibility to
perform roughness measurements in micro areas such as enamel in an enamel slab (Field
et al., 1995).

Vickers Hardness Test
The microhardness of dental enamel can be determined by using the Vickers
Hardness test. This method is convenient to test microhardness of dental tissue because it
does not require a large surface area of the specimen. A diamond indenter is used to
impress the specimen’s surface at a certain load for a certain period of time. After
removing the load, the diagonals of the indentation are measured with a microscope.
Vickers hardness value (HV) is calculated using the following equation: HV = 1854
(F/d2). The constant value of 1854 is calculated from the indenter’s geometry, F is the
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amount of force (N) that has been applied to the specimen and lastly, d is the length of
the diagonal indentation (mm).
The advantage of the Vickers Hardness test is that it is accurate and uses only one
type of indenter for all materials, which eliminates any discrepancy upon indentation. In
addition, the Vickers test produces a diamond shaped indentation that is easier to detect
on non-flat surfaces and the Vickers hardness values do not change from different zones
of the enamel surfaces. The results from Gutiérrez-Salazar & Reyes-Gasga (2003)
indicate that since enamel’s Vickers hardness values do not statically show any changes
from the outer enamel surface to the enamodentinal junction (EDJ) and from the EDJ to
the inner dentin surface, the Vickers hardness test is more useful in determining enamel’s
microhardness than other tests (i.e. Knoop). Another advantage is that since the
depression on the material is generally geometrically related regardless of the size, the
Vickers hardness value is said to be independent of the test force and force duration
(Chuenarrom et al., 2009).
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MATERIALS AND METHODS

Preparation of Specimens:
Extracted human teeth (31: 11 premolars and 20 molars) were collected from
local dental offices in the Milwaukee, Wisconsin area. Since the teeth did not have
identifying information and the researchers did not have knowledge of patient names as
to the sources of the teeth, the MU Office of Research Compliance determined on
8/11/2017 that the project did not meet the criteria for MU IRB submission or approval
prior to collection. The teeth were disinfected with 1% thymol solution, as it has
antimicrobial properties (Nagoor Meeran et al., 2017), for 48 hours and stored in distilled
water to prevent them from desiccating. Thymol has been shown to not effect enamel
microhardness if stored less than 2 months (Aydin et al., 2015). Enamel slabs were
fabricated by mounting the extracted premolars and molars in acrylic for stability (Figure
1). Each tooth was clamped into the apparatus and sliced with a slow speed diamond saw
mesiodistally or buccolingually (whichever yielded the largest surface area) and again
along the cementoenamel junction (CEJ) (Figure 2). Each sample was then placed face
down and mounted in acrylic for easier handling and more reproducible measurement
taking. The samples were ground with Silicon Carbide (SiC) papers in the following
sequence to expose only enamel: 120, 240, 360, 400, 600, 1200 grit shown in Figure 3.
After grinding down to the enamel, the samples were polished with 1.0-micron alumina
paste. The resultant enamel slabs (Figure 4) were rinsed thoroughly and stained with
coffee for 72 hours; a pre-mixed Starbucks Black Ice Coffee was used for staining the
enamel slabs to standardize the concentration of coffee.
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Figure 1: Clamped Tooth to Mount for Sectioning

Figure 2: Slicing of Specimen
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Figure 3: Grinding Specimen with SiC Paper

Figure 4: Enamel Slabs

Control and Experimental Groups:
After staining, the enamel slabs were randomly sorted into the following six
groups (n=10/group): Control without Brushing (CW), Control with Brushing CWB),
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Activated Charcoal/Dab (ACNB), Activated Charcoal/Brush (ACB), Opalescence
20%/Brush (OB) and Opalescence 20%/Dab (ONB). Selected whitening agents,
manufacturer and product’s composition are shown in Table 1 while the groups and
treatment procedures are shown in Table 2. All conditions were split into brushing or
non-brushing/dabbing treatments to ensure standardization of all groups and the
possibility of abrasion caused by the soft toothbrush.
Table 1: Whitening Agent, Brand, Manufacturer and Composition
Whitening Agent (Brand)

Manufacturer

Product’s Composition

Activated Charcoal (Carbon
Coco)

Carbon Coco, Melbourne,
Australia

100% organic coconut shell
charcoal, bentonite clay and
lemon myrtle

Conventional Whitening
(Opalescence)

Ultradent Products Inc,
South Jordan, Utah

20% Carbamide Peroxide

Table 2: Groups and Respective Treatments
Group:
Control #1 (CW)
Control #2 (CWB)
Activated Charcoal/Dab (ACNB)

Activated Charcoal /Brush (ACB)

Opalescence 20% carbamide peroxide/ Brush
(OPB)
Opalescence 20% carbamide peroxide/ Dab
(OPNB)

Treatment Procedure:
Enamel slabs stored in distilled water
without brushing or whitening procedure
Enamel slabs stored in distilled water and
brushed daily with a soft toothbrush for
three minutes and water
Enamel slabs stored in distilled water and
activated charcoal dabbed on daily for 20
minutes without brushing
Enamel slabs stored in distilled water and
brushed daily for three minutes with a soft
toothbrush and activated charcoal
according to manufacturer’s instructions
Enamel slabs stored in distilled water and
brushed daily for three minutes prior to
application of Opalescence (once daily for
20 minutes)
Enamel slabs stored in distilled water and
Opalescence applied once daily for 20
minutes without brushing prior to
application
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For control group #1 (CW), the specimens were stored in distilled water for 14
days at room temperature (37°C) with no treatment and intermittently taken out for
testing and solution change. For control group #2 (CWB), specimens were stored in
distilled water at room temperature and subjected to brushing once a day for 14 days.
Similar to CW group, specimens were taken out intermittently for testing and solution
change. For specimens in groups treated with activated charcoal or conventional
whitening agent (ACB, ACNB, OPB and OPNB), masking tape was adhered all over the
acrylic mount only exposing enamel to prevent staining when treating with activated
charcoal/20% carbamide peroxide. Enamel slabs were then subjected to activated
charcoal or Opalescence 20% carbamide peroxide once a day for 14 days. All specimens
were stored in distilled water at room temperature when testing and solution change was
not administered.
Measuring Surface Roughness of Enamel:
Surface roughness of prepared specimens was recorded on day 0 (baseline), 3, 7
and 14 using a 3D laser microscope (LEXT OLS4000, Olympus Corp., Tokyo, Japan) at
50x magnification. On days 3, 7 and 14, measurements were taken after the whitening
procedures (if applicable) and the 3D surface roughness parameter Sa (arithmetic mean
height) was quantified using LEXT software (Olympus). For each specimen, three
different areas were selected for measurement along the top right/left (depending on the
specimen) and a little below the acrylic-enamel slab interface. Sa values were measured,
recorded, and averaged.
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COLOR
research
and application
Where the k terms are weighting
factors, the
S terms are compensation
and L, C and H
refers to lightness, chroma and hue.
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Measuring Microhardness of Enamel:
Microhardness measurements of enamel were taken after surface roughness and
color measurements on day 0 (baseline) and 14 to avoid hardness indentations effects on
other measurements due to the limited area of enamel. A Vickers hardness tester (G21,
Shimadzu Corp., Kyoto, Japan) was used and specimens were positioned perpendicular to
the Vickers diamond indenter. All measurements were taken in the top right/left corner
(depending on each specimen) and a little below the acrylic-enamel slab interface to
standardize the location of indentation. The Vickers diamond indenter applied a force of
1.91 N for 10 seconds; three indentations were taken for each specimen and averaged for
each group to obtain HV values.

Statistical Analysis:
Statistical analysis was performed by a third party within the Medical College of
Wisconsin. A multiple variable linear regression model was used to determine the
difference in color, roughness and microhardness of enamel slabs after 14 days. The
significance level was adjusted via the Bonferroni method (p=.002 (0.05/21)). A pairwise
comparison was used to determine the effects of brushing on color, surface roughness and
microhardness with a significance level at p <0.01. A pairwise comparison was also used
for color and roughness changes over time with a significance level at p <0.001.
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RESULTS
The primary objective of this study was to investigate the effects of whitening
treatments on color, roughness, and microhardness over a period of 14 days. Individual
L*, a* and b* values on days 0, 3, 7 and 14 for each group (CW, CWB, ACNB, ACB,
OPB and OPNB) are shown in Table 3. Over a period of 14 days, it is evident that OPNB
produced the greatest changed in L*, DEab and DE00 followed by OPB, ACB, ACNB,
CWB and CW (Table 4). The change of L* values for days 0, 3, 7 and 14 of each group
is also depicted in the line graph of Figure 5.

Table 3: L*, a*, b* Values on Day 0, 3, 7 and 14
Group
Control #1
without
Brushing (CW)
Control #2 with
Brushing
(CWB)
Activated
Charcoal/Dab
(ACNB)
Activated
Charcoal/Brush
(ACB)
Opalescence
20%/Brush
(OPB)
Opalescence
20%/Dab
(OPNB)

L*
57.1
±
7.1
56.8
±
8.2
55.8
±
4.6
54.8
±
5.0
55.9
±
2.7
51.7
±
4.6

Day 0
a*
-1.8
±
0.5
-1.7
±
0.9
-2.2
±
0.8
-2.3
±
0.4
-2.5
±
0.7
-1.8
±
0.9

b*
6.5
±
3.2
6.1
±
4.5
5.9
±
4.0
5.7
±
4.2
5.3
±
3.4
7.1
±
3.7

CIELAB Coordinates
(Mean ± Standard Deviation)
Day 3
Day 7
L*
a*
b*
L*
a*
59.6 -1.3 8.8 55.2 -1.9
±
±
±
±
±
7.2
0.7
1.8
4.3
0.9
59.2 -2.0 6.4 68.5 -1.7
±
±
±
±
±
7.0
1.1
3.2
6.8
1.4
66.4 -1.7 6.5 60.1 -1.9
±
±
±
±
±
9.5
1.1
3.0
5.2
1.1
66.5 -1.1 8.3 62.7 -1.8
±
±
±
±
±
5.0
0.3
2.5
3.0
0.5
73.2 -2.0 7.5 74.0 -2.0
±
±
±
±
±
3.0
0.8
3.1
3.7
0.9
70.3 -1.1 9.3 71.7 -1.9
±
±
±
±
±
4.5
0.9
4.5
5.3
0.8

b*
9.8
±
2.6
9.7
±
3.8
7.8
±
4.4
9.7
±
3.5
6.6
±
3.0
7.1
±
4.0

L*
56.1
±
3.5
65.7
±
6.2
69.4
±
4.0
68.9
±
4.1
76.6
±
2.6
77.8
±
2.3

Day 14
a*
-2.2
±
0.8
-1.9
±
1.0
-1.2
±
1.1
-1.4
±
0.6
-2.1
±
0.6
-1.9
±
0.7

b*
8.2
±
2.7
7.8
±
3.2
9.2
±
3.4
9.2
±
3.0
5.2
±
2.2
5.2
±
3.7
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Table 4: Difference of DL*, Da*, Db*, DEab and DE00 Values from Day 0 to 14
CIELAB Coordinates
(Mean ± Standard Deviation)
Group

Day 0 to Day 14
DL*

Da*

Db*

DEab

DE00

Control #1 without
Brushing (CW)

-1.1 ± 6.6

-0.4 ± 0.7

1.7 ± 3.9

6.5 ± 4.0

5.9 ± 3.7

Control #2 with
Brushing (CWB)

8.9 ± 6.5

-0.2 ± 1.0

1.7 ± 2.3

10.1 ± 5.1

8.9 ± 4.8

13.6 ± 2.6

1.0 ± 0.9

3.3 ± 3.3

14.3 ± 3.2

12.2 ± 2.9

14.0 ± 5.4

0.9 ± 0.8

3.5 ± 4.5

15.1 ± 5.5

13.0 ± 5.1

Opalescence
20%/Brush (OPB)

20.7 ± 3.5

0.4 ± 0.8

0.0 ± 2.4

20.8 ± 3.5

16.9 ± 2.9

Opalescence 20%/Dab
(OPNB)

26.0 ± 4.3

-0.1 ± 0.5

-1.9 ± 2.4

26.2 ± 4.3

21.7 ± 4.2

Activated
Charcoal/Dab
(ACNB)
Activated
Charcoal/Brush
(ACB)

Figure 5: Change in L* Values over 14 Days
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The results for microhardness indicated that the greatest numerical change in
microhardness after 14 days was seen in the OPB group (-22 ± 39) followed by ACB (-12
± 39), ACNB (-8 ± 46) and OPNB (-5 ± 29) (Table 5 and Figure 6).

Table 5:Vickers Hardness for Day 0, 14 and D Day 0 to Day 14
Group
Day 0
Control #1
without Brushing
(CW)
Control #2 with
Brushing (CWB)
Activated
Charcoal/Dab
(ACNB)
Activated
Charcoal/Brush
(ACB)
Opalescence
20%/Brush (OPB)
Opalescence
20%/Dab (OPNB)

Vickers Microhardness
(Mean ± Standard Deviation)
Day 14
D Day 0 to Day 14

303 ± 54

301 ± 52

-1 ± 92

294 ± 51

293 ± 53

-1 ± 60

322 ± 46

314 ± 36

-8 ± 46

303 ± 75

291 ± 49

-12 ± 39

305 ± 32

283 ± 29

-22 ± 39

246 ± 72

240 ± 60

-5 ± 29
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Figure 6: Vickers Hardness Day 0 and Day 14
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Additionally, the results for the change in surface roughness amongst groups
within 14 days showed that the ACB group had the greatest numerical change in surface
roughness (1.9 ± 1.8), followed by ACNB (1.2 ± 1.6), OPNB (0.1 ± 2.9), OPB (0.1 ±
1.1), CW (0.1 ± 2.2) and CWB (0.0 ± 3.0) (Table 6 and Figure 7).
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Table 6: Change in Roughness throughout 14 Days
Roughness/Sa (µm)
Group

Day 0

Control #1
without Brushing
(CW)
Control #2 with
Brushing(CWB)
Activated
Charcoal/Dab
(ACNB)
Activated
Charcoal/Brush
(ACB)
Opalescence
20%/Brush (OPB)
Opalescence
20%/Dab (OPNB)

Day 3

Day 7

Day 14

D Day 0 to
Day 14

7.6 ± 1.6 7.5 ± 1.5 8.0 ± 2.3 7.7 ± 2.2

0.1 ± 2.2

7.8 ± 2.7 7.7 ± 1.4 7.9 ± 2.2 7.8 ± 2.4

0.0 ± 3.0

6.1 ± 2.1 6.4 ± 1.3 7.1 ± 1.7 7.3 ± 1.5

1.2 ± 1.6

7.1 ± 2.7 8.0 ± 2.0 8.5 ± 1.6 9.0 ± 1.9

1.9 ± 1.8

7.8 ± 1.8 7.6 ± 1.8 7.8 ± 0.8 7.9 ± 1.8

0.1 ± 1.1

9.5 ± 4.2 8.7 ± 2.8 9.5 ± 2.0 9.6 ± 1.8

0.1 ± 2.9

Figure 7: Surface Roughness over Day 0, 3, 7 and 14.
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A multiple variable linear regression model was used to analyze the data. The
regression coefficient estimates for color changes (ΔE*ab and ΔE*00) over a period of 14
days are shown in Table 7. It showed a significant effect for treatment (activated charcoal
or Opalescence), no significant effect for brushing, but some interaction between
treatment and brushing.

Table 7: Regression Coefficient Estimates for Color Change ΔE*ab and ΔE*00

(Model Intercept)
Treatment
- Activated Charcoal
(ACNB)
-

Opalescence 20%
carbamide peroxide (ONB)

- Control (CW)
Brushing
- Yes
- No
Interaction
- Charcoal * Brushing (ACB)
-

Opalescence * Brushing
(OB)

-

Nothing * Brushing (CWB)

ΔE*ab
Regression
coefficient (±
SE)
6.53 (± 1.37)

p-value

ΔE*00
Regression
coefficient (± SE)

p-value

<.0001

5.86 (± 1.27)

<.0001

7.79 (± 1.94)

0.0002

6.36 (± 1.80)

0.0008

19.67 (± 1.94)

<.0001

15.87 (± 1.80)

<.0001

0 (-)

0 (-)

3.61 (± 1.94)
0 (-)

0.0690

3.09 (± 2.55)
0 (-)

0.0924

-2.84 (± 2.75)

0.3058

-2.36 (± 2.55)

0.3579
0.0030

-8.96 (± 2.75)

0.0019

-7.92 (± 2.55)

0 (-)

0 (-)

Due to some significant interaction between treatment and brushing but brushing
not being significant on its own, a suppressed model intercept was fabricated, also with
eliminating the main effect of brushing. In doing so, the results (Table 8) show that
brushing had practically no effect on the activated charcoal group (<1 regression
coefficient terms in the interaction pairing), a slight positive effect for the control groups
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(positive regression coefficient amounts of around 3), but a lessening of color change in
the Opalescence group (a negative coefficient of around 5). These statistical modeling
results are more easily examined by observation of the mean DE values in Table 4,
where, for example, mean ΔE*00 values increased 3.0 units for the Control groups (going
from NB to B groups), increased only 0.8 units for the AC group, but decreased 4.8 units
for the Opalescence group.

Table 8: Regression coefficient estimates for color change ΔE*ab and ΔE*00 without
brushing main effect
ΔE*ab
Regression
coefficient (±
SE)
Treatment
- Activated Charcoal (ACNB)
-

Opalescence 20% carbamide
peroxide (ONB)

- Control (CW)
Interaction
- Charcoal * Brushing (ACB)
-

Opalescence * Brushing
(OB)

-

Nothing * Brushing (CWB)

p-value

ΔE*00
Regression
coefficient (± SE)

p-value

14.31 (± 1.37)

<.0001

12.23 (± 1.27)

<.0001

26.20 (± 1.37)

<.0001

21.73 (± 1.27)

<.0001

6.53 (± 1.37)

<.0001

5.86 (± 1.27)

<.0001

0.76 (± 1.94)

0.6959

0.72 (± 1.80)

0.6893

-5.35 (± 1.94)

0.0080

-4.83 (± 1.80)

0.0097

3.61 (± 1.94)

0.0690

3.09 (± 1.80)

0.0924

Distributions of ΔE*ab and ΔE*00 amongst the six groups are shown in Figure 8 and
a pairwise difference of ΔE*ab and ΔE*00 are shown in Figure 9. The results indicated that
the ONB group has the highest color change within 14 days, whereas CWNB has the
lowest color change for the same period. ONB’s color change was significantly greater
than both activated charcoal groups and both control groups. Both activated charcoal
groups provided significantly greater color change than the control group without

29

brushing, but were not significantly different from the control group with brushing.

Figure 8: Distributions of ΔE*ab and ΔE*00 amongst the six groups

Figure 9: Pairwise Comparison of ΔE*ab and ΔE*00 amongst the six groups

To thoroughly investigate how stable the results were, baseline levels of L*, a*
and b* measured at day 0 were added into the regression model as seen in Table 9. The
results are consistent with the previous (Table 8), except the interaction between
Opalescence treatment and brushing was no longer significant.
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Table 9: Regression Coefficient Estimates of Color Change with Baseline Effect Added
ΔE*ab
Regression
coefficient (± SE)
Baseline level
- L (Lightness)
- a (red/green)
- b (yellow/blue)
Treatment
- Activated Charcoal
- Opalescence 20%
carbamide peroxide
- Control
Interaction
- Charcoal * Brushing
- Opalescence * Brushing
- Nothing * Brushing

-0.37 (± 0.11)
0.76 (± 0.79)
-0.21 (± 0.16)
37.78 (± 5.25)
48.19 (± 4.81)
30.37 (± 5.35)
0.44 (± 1.59)
-3.72 (± 1.71)
3.41 (± 1.59)

ΔE*00
pvalue
0.0010
0.3448
0.2088
<.0001
<.0001
<.0001
0.7827
0.0340
0.0365

Regression
coefficient (± SE)

p-value

-0.41 (± 0.09)
0.77 (± 0.66)
-0.18 (± 0.14)

<.0001
0.2506
0.1939

37.90 (± 4.39)
45.72 (± 4.02)
31.95 (± 4.48)

<.0001
<.0001
<.0001

0.37 (± 1.33)
-2.96 (± 1.43)
2.88 (± 1.33)

0.7813
0.0431
0.0344

A multiple variable linear regression was utilized to analyze the results for L*, a*
and b* values over a time of 14 days for all groups. The results for the change in L*
within 14 days are shown in Table 10. Both treatment and some interaction terms were
found to be significant. In addition, the regression coefficient estimates for the change in
a* and b* values were determined as statistically significant for treatment. Results for
changes in a* and b* amongst all groups are shown in Table 11 and Table 12.
Table 10: Regression Coefficient Estimates for Change in L* Value within 14 Days

Baseline level
Treatment
- Activated Charcoal
- Opalescence 20%
carbamide peroxide
- Control
Interaction
- Charcoal * Brushing
- Opalescence * Brushing
- Nothing * Brushing

Regression
coefficient (± SE)
NA

p-value

Regression
coefficient (± SE)
-0.65 (± 0.08)

pvalue
<.0001

13.63 (± 1.59)
26.02 (± 1.59)
-1.07 (± 1.59)

<.0001
<.0001
0.5030

49.65 (± 4.79)
59.44 (± 4.46)
35.84 (± 4.90)

<.0001
<.0001
<.0001

0.39 (± 2.25)
-5.31 (± 2.25)
9.98 (± 2.25)

0.8617
0.0220
<.0001

-0.20 (± 1.56)
-2.61 (± 1.60)
9.73 (± 1.56)

0.8962
0.1080
<.0001
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Table 11: Regression Coefficient Estimates for Change in a* values within 14 days.

Baseline level
Treatment
- Activated Charcoal
- Opalescence 20%
carbamide peroxide
- Control

Regression
coefficient (± SE)
NA
0.91 (± 0.18)
0.13 (± 0.18)
-0.32 (± 0.18)

p-value

<.0001
0.0793
0.4582

Regression
coefficient (± SE)
-0.48 (± 0.13)

pvalue
0.0005

-0.15 (± 0.33)
-0.89 (± 0.32)
-1.16 (± 0.28)

0.6491
0.0077
0.0001

Table 12: Regression Coefficient Estimates for Change in b* Values within 14 Days.

Baseline level
Treatment
- Activated Charcoal
- Opalescence 20%
carbamide peroxide
- Control

Regression
coefficient (± SE)
NA
3.40 (± 0.72)
-0.99 (± 0.72)
1.68 (± 0.72)

p-value

<.0001
0.1702
0.0221

Regression
coefficient (± SE)
-0.54 (± 0.08)

pvalue
<.0001

6.55 (± 0.74)
2.38 (± 0.76)
5.13 (± 0.77)

<.0001
0.0029
<.0001

Baseline was added into the model to ensure the accuracy of the results for
changes in a* and b* values. The distribution of changes in a* and b* values between the
six groups are shown in Figure 10. The difference was consistent with the regression
analysis shown in Table 11 and Table 12.

Figure 10: Distribution of changes in a* and b* values amongst the six groups

The difference in L* on day 14 was analyzed and found that there were
differences amongst the six groups. The 95% confidence intervals of L* on day 14 were
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not overlapped between some groups, for example the Control without Brushing and the
Opalescence groups (Figure 11). Post hoc analysis is shown in panel 2 of Figure 11 and
shows the Opalescence groups had significantly greater L values at day 14 than all other
groups. Conversely, the Control group without brushing had the significantly lowest L
value. No differences were noted between the Activated Charcoal and Control with
Brushing group.
Figure 11: Distribution and Pairwise Comparison of L* on Day 14 amongst six groups

When attempting to analyze microhardness changes within the 14-day period, the
results included variances across the groups (Figure 12). Due to this violation, a mixed
regression model was used to analyze microhardness changes and found no significant
differences between groups (Table 13). Overall, the standard deviations of microhardness
measurements ranged from 29 to 75 among all groups/time periods, indicating
heterogeneity in enamel quality among samples. Statistical analysis further showed
baseline microhardness values significantly influenced the changes at 14 days (Table 13).
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Figure 12: Distribution of Microhardness Change within 14 Days Amongst Groups

For surface roughness, a multiple regression linear model was used to analyze the
data for the six groups within a 14-day period. Similar to the microhardness, there were
slight changes amongst all groups but was also deemed as statistically insignificant
(Table 13). Also similarly, roughness changes were also significantly influenced by the
original surface roughness of the samples.
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Table 13: Regression coefficient estimates for microhardness and roughness change in
14 days with baseline effect added

(Model Intercept)
Baseline level
Treatment
- Activated Charcoal
- Opalescence 20%
carbamide peroxide
- Control
Brushing
- Yes
- No
Interaction
- Charcoal * Brushing
- Opalescence * Brushing
- Nothing * Brushing

Microhardness change in
14 days
Regression
pcoefficient (± SE)
value
135.38 (± 32.04) 0.0003
-0.45 (± 0.07) <.0001
2.12 (± 25.32)
-29.89 (± 24.85)
0 (-)

Roughness change in 14
days
Regression
p-value
coefficient (± SE)
4.46 (± 1.02) <.0001
-0.57 (± 0.10) <.0001

0.9346
0.2514

0.22 (± 0.93)
1.10 (± 0.94)
0 (-)

0.8107
0.2456

-3.29 (± 27.82)
0 (-)

0.9073

-0.01 (± 0.91)
0 (-)

0.9873

-9.30 (± 30.96)
13.88 (± 31.31)
0 (-)

0.7665
0.6615

1.32 (± 1.29)
-1.85 (± 1.31)
0 (-)

0.3112
0.1641

The results of L*, a*, b* and roughness on day 3 were most likely correlated to
the measurements on day 7 as well as on day 7 to day 14, so a generalized estimating
equation (GEE) was used to address the correlation and analyze whether the measure
changed significantly over time. The results are shown in Table 14. Overall, L*, a* and
b* changed significantly over time. However, roughness did not.
Table 14:Wald Statistics for Type 3 GEE Analysis
L
Source

DF

Baseline level
Time
Whitening
Time *
Whitening
Brushing
Time *
Brushing
Whitening *
Brushing
Time *
Whitening *
Brushing

a

b

Roughness
ChipSquare value
93.86 <.0001
6.20 0.0450
1.14 0.5651

1
2
2

ChiSquare
57.78
44.69
325.65

pvalue
<.0001
<.0001
<.0001

ChiSquare
31.24
39.43
6.00

pvalue
<.0001
<.0001
0.0498

ChiSquare
39.05
15.54
17.99

pvalue
<.0001
0.0004
0.0001

4

136.53

<.0001

46.28

<.0001

86.05

<.0001

10.73

0.0297

1

8.06

0.0045

0.01

0.9391

0.35

0.5521

0.05

0.8165

2

72.34

<.0001

5.08

0.0790

6.54

0.0379

2.61

0.2714

2

18.78

<.0001

1.77

0.4123

3.02

0.2206

6.78

0.0337

4

30.87

<.0001

36.71

<.0001

36.18

<.0001

8.70

0.0689
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DISCUSSION
As expected, the OPNB group produced the greatest result in terms of ΔE*00 (21.7
± 4.2), whereas the OPB group produced the second greatest change in ΔE*00 (16.9 ± 2.9)
However, only the OPNB group produced a significant change in color compared to the
AC groups (p <0.002). These results are congruent with previous studies in which it was
concluded that low concentrated 16% carbamide peroxide resulted in greater color
change than activated charcoal powder (Palandi et al., 2020). Interestingly, the results of
this investigation found that when the Opalescence group was used with brushing, ΔE*00
decreased (-4.8). This finding may be from the physical brushing causing the carbamide
peroxide gel to be washed away on the specimen during the experiment or become less
effective.
In terms of microhardness, the results of this study revealed that both activated
charcoal and chemical whitening did not alter enamel’s microhardness regardless of
brushing. Contrastingly, a different study found that peroxide compounds decrease
enamel microhardness while activated charcoal dentifrice did not produce a significant
change in microhardness (Maciel et al., 2022). With respect to numerical data, the OB
group did show the greatest decrease in microhardness in the current study, but large
standard deviations in microhardness measurements likely relegated any differences
among groups to be indistinguishable. Intriguingly, many current studies on the influence
of peroxide and activated charcoal on enamel’s microhardness remain inconsistent due to
the lack of standard condition to test for enamel’s microhardness testing. In fact,
Lewinstein et al. (2004) explained that the inconsistencies amongst current studies are
due to differences in study design (Knoop vs. Vickers) as well as indentation loads/time.
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Chuenarrom et al. (2009) found that when testing enamel and dentin’s microhardness, the
Knoop hardness value of enamel is affected by the variation of indentation loads but not
indentation time.
Another reason for the discrepancy in results may be from the solution for storing
the specimens between each bleaching cycle. Studies that used artificial saliva as a
storage medium found that the microhardness did not decrease due to the
remineralization process of enamel (Basting et al., 2003). While this study did not use
artificial saliva, the microhardness remained insignificantly changed; a finding that could
have resulted from the storage medium diluting the peroxide gel from the specimen at the
end of each bleaching cycle.
Furthermore, the results for enamel’s surface roughness revealed similarly to
microhardness; all groups showed no significant change in surface roughness after 14
days of treatment with respective procedures. This finding is inconsistent with many of
the current studies available. For instance, Palandi et al. (2020) discovered enamel
surface roughness (Ra) significantly increased in both 16% carbamide peroxide and
activated charcoal groups after 2 weeks of treatment. In that study, 412 cycles were
performed for the activated charcoal group and the greater brushing cycles could have
contributed to a greater exposure to activated charcoal’s abrasivity. Unfortunately, one of
the limitations of this study was that the brushing protocol was not uniform. A brushing
machine was not utilized to standardize the number of cycles, frequency and load
performed on each specimen. Therefore, the activated charcoal particles may have not
contacted the specimen’s surface enough times during the brushing to truly reveal the
abrasive nature of activated charcoal particles. Alternatively, the load upon manually
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brushing each specimen may have been too high resulting in a more polished surface of
the enamel which results in a lower Ra for all groups.
Maciel et al. (2022) measured the effects of 16% carbamide peroxide and
activated charcoal powder on dental enamel’s whiteness and surface roughness after 30
days of treatment. The results of their study revealed that the use of activated charcoal
resulted in high Ra throughout the 30 days of treatment. Similarly, abrasivity was also
tested via a weight loss test. The weight loss test was performed to measure the
abrasiveness of a product via taking the difference between the final and initial weight of
the samples. Weight loss under 21 mg were deemed indicative of a low abrasiveness
product, between 21-40 mg as medium abrasiveness and over 41 mg as high
abrasiveness. The higher the abrasiveness of a product, the higher the Ra in dental
enamel. A weight loss test was not performed in this current study so the abrasiveness of
Carbon Coco’s activated charcoal particles is unknown. However, Brooks et al. (2017)
indicated that Carbon Coco activated charcoal product has low abrasiveness. The low
abrasiveness of Carbon Coco and inconsistent brushing protocol may contribute to the
lack of change in surface roughness of enamel when using activated charcoal.
Among L*, a* and b* values, the greatest changes for the treatment groups were
in the lightness/value parameter, L*, and accounted for the majority of the overall color
change. OPNB produced the greatest change in L* at day 14 (26.0 ± 4.3), followed by
the OPB group (20.7 ± 3.5). AC groups had an increase of about 14. An additional
analysis to determine whether L* values differ between day 0 to day 3 to day 7 to day 14
revealed that the change in L* over time is significant. This finding is opposite to the
findings from Maciel et al. (2022). Maciel et al. found that DL* for activated charcoal
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caused a darkening of the samples after 14 days of using it and the results did not change
until after 30 days. One explanation for the difference in results from this study compared
to Maciel et al. can be related to surface roughness. Changes in enamel surface roughness
can influence the measurement of color. Ghinea et al. (2011) states that lightness of an
object increases with a decrease in roughness. Thus, the results of surface roughness of
each respective study may have direct influence on the outcome of color change. In
addition, and more likely a greater factor than roughness, Maciel et al. did not artificially
stain the teeth prior to collecting data whereas the current study did. Beginning with an
already stained enamel may have negated the chance for the activated charcoal to stain or
lighten the color.
Being an in vitro study, the current research has several limitations. As mentioned
before, a standardized brushing protocol in terms of cycles and load may have been
preferable. However, manual toothbrushing of activated charcoal is most commonly
performed in online videos, so that method was chosen. To limit variability, though, only
one individual (HD) performed all of the brushing and experimental treatments (as well
as measurements). Enamel slabs were used in this study to create flat surfaces more
conducive to the color, roughness, and hardness measurements. It is possible treatment of
enamel/teeth with natural shapes, contours, and surface quality would respond to
treatment differently. Furthermore, the oral environment would also be more complex
than storing in distilled water in between treatments. Ultimately, clinical evaluation of the
whitening possibility of activated charcoal would provide a higher level of evidence as to
its efficacy.
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CONCLUSION
Within the limitations of this study, the following conclusions can be made:
1) Using activated charcoal or carbamide peroxide did not change the surface
roughness or microhardness of enamel slabs.
2) The use of carbamide peroxide without brushing produced the greatest
color change.
3) The use of activated charcoal did produce a color change, but it was not
significantly better than just brushing enamel in the control group.
4) The greatest changes in color were with respect to changes in the lightness
variable (L*) and changes in a* and b* were much less and inconsistent
among groups. With the respect to changes of L*, Opalescence
significantly lightened the enamel greater than activated charcoal.
5) The effect of brushing was not consistent as it increased color change in
the control group, had little to no effect on color in the activated charcoal
group, and was detrimental to color change in the carbamide peroxide
group.
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